To enhance the power conversion efficiency of dye-sensitized solar cell (DSSC), the surface of titanium dioxide (TiO 2 ) photoelectrode was modified by hydroxylation treatment with NH 4 OH solution at 70 ºC for 6 h. The NH 4 OH solutions of various concentrations were used to introduce the hydroxyl groups on TiO 2 surface. As the concentration of NH 4 OH was increased, the short-circuit current density (J SC ) value and conversion efficiency of solar cells were increased because the amount of adsorbed dye molecules on TiO 2 surface was increased. As a result of the surface modification to introduce hydroxyl groups, the concentration of adsorbed dye on the TiO 2 surface could be improved up to 32.61% without the changes of morphology, surface area and pore volume of particles. The morphology, the specific surface area, the pore volume and the chemical states of TiO 2 surface were characterized by using FE-SEM, N 2 adsorption-desorption isotherms and XPS measurements. The amount of adsorbed dye and the performance of fabricated cells were analyzed by using UV-Vis absorption spectroscopy and solar simulator.
Introduction
The development of DSSC has received a great deal of attraction as a next generation photovoltaic device owing to its outstanding characteristics including reasonable efficiency, low cost, brief fabrication process and flexible cell design.
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Many researchers have been investigated for the optimization of DSSC consisting of the photosensitizer, 6-8 photoelectrode, [9] [10] [11] [12] counter electrode [13] [14] [15] and redox electrolyte [16] [17] [18] since the first report of O' Regan and Grätzel in 1991.
1 Among the components, the photoelectrode has been widely studied because it plays important roles in the DSSC, such as the support of dye and the pathway of electrons generated from dyes. [19] [20] [21] Apparently, TiO 2 has most frequently been employed as a photoelectrode material due to its large surface area, 19, 22, 23 excellent chemical stability, 24, 25 moderate electron transfer ability 20, 21, 26 and wide band gap energy. 27, 28 Also, various materials such as ZnO, SnO 2 , CdS and Nb 2 O 5 have also been used as an electrode, but none of them exhibited better performance than TiO 2 .
29-32 Several groups have researched morphology control, coating with other material, TiCl 4 treatment of the TiO 2 photoelectrode. Jiu et al. reported that the highly crystalline TiO 2 nanorods with lengths of 100-300 nm and diameters of 20-30 nm were synthesized by hydrothermal process to use as a photoelectrode in DSSC. They concluded that high power conversion efficiency of DSSC could be achieved by using one-dimensional TiO 2 due to the rapid transportation of electrons attributed to their morphological advantage. 33 Palomares et al. researched the coating of conformal Al 2 O 3 overlayer on nanocrystalline TiO 2 films and they demonstrated that the Al 2 O 3 overlayer resulted in a retardation of the kinetics of charge recombination. 34 Sommeling et al. studied the influence of the TiCl 4 post-treatment on the properties of TiO 2 films. The DSSCs exhibited high value of photocurrents because of the change in thickness, mass, porosity and dye adsorption through TiCl 4 post-treatment. 35 Moreover, other researchers have tried to modify the surface of TiO 2 with various materials (e.g., HCl, BaCO 3 , KOH, NaOH, etc.). Although the various treatments have been suggested to improve the DSSC performance, the relationship between surface modification and DSSC efficiency was not understood clearly. [36] [37] [38] [39] The dye molecules are adsorbed onto the surface of TiO 2 via the interaction between hydroxyl groups on TiO 2 surface and the carboxylic anchoring groups residing on dye molecules.
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Generally, the TiO 2 exposed to ambient atmosphere with moisture are partially covered by hydroxyl groups, which are formed in dissociative adsorption process when water molecules break up and form −OH and H + species. The hydroxyl site concentration is typically of the order of 11.6-27.9 μmol/m 2 , which is equivalent to 7.0-16.8 groups/nm 2 .
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However, the TiO 2 particles prepared by thermal process do not have enough hydroxyl groups on the surface. It can be inferred that the dye adsorption can be enhanced by introducing more hydroxyl groups on the surface of TiO 2 . In this research, the photovoltaic characteristics of DSSCs fabricated with hydroxylated TiO 2 electrode were investigated. For the enhancement of short-circuit current density (J SC ) parameter, the hydroxyl groups were introduced on the TiO 2 surface via hydroxylation treatment with NH 4 OH, resulting in enhancement of power conversion efficiency of DSSC. , 99.9%), 1-methyl-3-propylimidazolium iodide (MPII, 98.0 %), iodine (I 2 , ≥ 99.9%), lithium iodine (LiI, 99.0%) and 4-tert-butylpyridine (tBP, 96.0%) were purchased from SigmaAldrich. All of the chemicals were reagent grades and were used without any further purification. The water used in this research was deionized and double-distilled by the Milli-Q Plus system (Millipore, France) having 18.2 MΩ·cm electrical resistivity at 25 ºC.
Preparation of Working Electrode. FTO substrates were cleaned by using acetone and ethanol in an ultrasonic bath for 10 min. Then, a drop of 70 mM TTIP in 2-propanol was placed on the FTO glass by using spin coating followed by heating at 450 ºC for 30 min. A colloidal TiO 2 paste consisting of P25 nanoparticles, lauric acid, alpha-terpineol, dibutyl phthalate and ethyl cellulose was prepared by using ultrasound dispersion method. This TiO 2 paste was placed on the FTO glass via doctor blade coating followed by the calcination process at 450 ºC for 30 min. The formed TiO 2 films were soaked in aqueous TiCl 4 (40 mM) solution at 70 ºC for 30 min and washed with water 3 times. Then the obtained films were sintered at 450 ºC for 30 min again.
Hydroxylation Treatment of the TiO2 Surface. To introduce hydroxyl groups on the prepared TiO 2 surface, the TiO 2 electrodes were immersed in different concentrations of NH 4 OH at 70 ºC for 6 h. The resultants were rinsed with water and ethanol and then dried in a vacuum oven at room temperature for 12 h. The untreated and the hydroxylated samples with different concentrations (1, 2 and 4 M) of NH 4 OH were identified as UT, 1HT, 2HT and 4HT, respectively.
Dye Adsorption on the TiO 2 Electrode and Fabrication of DSSC. The prepared working electrodes were immersed into a N719 solution (0.3 mM) in a mixed solvent (acetonitrile:tert-butanol = 1:1, v:v) for 18 h. After the dye adsorption process, the TiO 2 electrodes were rinsed with acetonitrile and dried at 25 ºC for 2 h. In order to prepare Pt counter electrode, a drop of 10 mM H 2 PtCl 6 in 2-propanol was placed on the FTO glass by using spin coating followed by heating at 450 ºC for 30 min. Both electrodes were sealed with Surlyn. Then, the redox electrolyte composed of MPII (0.5 M), I 2 (0.05 M), LiI (0.1 M) and tBP (0.05 M) in acetonitrile (5 mL) was introduced into the cell through predrilled two holes by capillary action. Finally, the holes were sealed with Surlyn and cover glass.
Characterizations. The thickness of TiO 2 films was measured by using surface profiler (Alpha-step 500). Field emission scanning electron microscopy (FE-SEM, JSM-6700F) instrument was used to observe the morphological change of untreated and hydroxylated samples. Before the analysis of FE-SEM, all samples were coated with platinum by sputtering at 15 mA for 3 min using a coating machine. Brunauer-Emmett-Teller (BET) surface area (S BET ) and total pore volume of the samples were determined by N 2 adsorption-desorption isotherms measurement (Belsorp-mini II) at 77 K. X-ray photoelectron spectroscopy (XPS, VG Multilab ESCA 2000 system) was used to investigate the chemical states of samples. UV-Vis spectrophotometer (Agilent 8435, Agilent Technologies) was used to measure the concentration of adsorbed N719 dye molecules on the surface of TiO 2 films. The current-voltage (J-V) characteristics of the DSSCs were analyzed with a solar simulator (300 W Xe source, Newport) with Keithley 2400 sourcemeter under 1-sun illumination (AM 1.5G, 100 mW/cm 2 ). For facile analyses of N 2 adsorption-desorption isotherm and XPS, the untreated and the hydroxylated TiO 2 powders were used instead of the TiO 2 films.
Results and Discussion
The thickness and the active area of TiO 2 films on the FTO glass were about 14 µm and 0.25 mm 2 , respectively. To determine the changes of morphological property and surface area of TiO 2 electrodes, the analyses with FE-SEM and N 2 adsorption-desorption isotherms analysis were carried out. Figure 1(a) and (b) show FE-SEM images of UT and 4HT, and the considerable change of morphology was not observed. Also, the surface area and the total pore volume of samples, indicated in Table 1 The variations in surface areas and pore volumes with and without hydroxylation process could be negligible, although the specific surface areas and total pore volumes were slightly changed due to the etching by NH 4 OH. These results indicate that the surface morphology and the surface area of the TiO 2 were not affected by the hydroxylation treatment.
As shown in Figure 2 and Figure 3 , the chemical states of samples were observed by using XPS. The XPS survey spectra of UT and 4HT were shown in Figure 2(a) . Both survey spectra contain Ti, O and C elements, which are assigned as Ti 2p, O 1s and C 1s, respectively. 44 The trace amount of carbon peak is ascribed to the adventitious hydrocarbon from the XPS instrument itself. 
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When compared with the Ti 2p peaks of UT, those of modified TiO 2 with NH 4 OH were shifted to lower binding energy and their intensities became smaller as the concentration of NH 4 OH solution was increased. It means that the more O atoms were chemically adsorbed on the TiO 2 surface than the Ti atom. 45 After the hydroxylation with 4 M concentration of NH 4 OH solution, any N 1s peak was not observed at around 400 eV (not shown in this paper). 44 This shows that NH 3 in this hydroxylation system was completely eliminated during a vacuum drying at room temperature for 12 h. From this result, we could focus on the effect of surface modification with hydroxyl groups on the TiO 2 surface without considering the change of energy level by doped N. Figure 3 indicates the high-resolution XPS of O 1s region of untreated and hydroxylated samples. The O 1s curves of samples were fitted with the distribution of three peaks located at 533.2 ± 0.3, 531.6 ± 0.2 and 529.6 ± 0.3 eVs, assigned as the adsorbed water molecules, hydroxyl groups (-OH, surface) and oxide (O
2-
, bulk) species, respectively. 40, [44] [45] [46] [47] As shown in Figure 3 (a), the two peaks at 531.6 and 529.8 eVs are attributed to hydroxyl groups and oxide were observed in UT. The oxide peak was predominant over hydroxyl peak, and the peak at around 533.0 eV ascribed to water adsorption on the TiO 2 surface was barely observed. Because most water adsorbed on the TiO 2 surface was removed during the thermal process at 450 ºC. [40] [41] [42] [43] On the other hand, the water peak was observed in hydroxylated samples as illustrated in Figure 3 the surface of hydroxylated TiO 2 through the hydroxylation process. In other words, it means that the hydroxyl groups were introduced successfully on the surface of TiO 2 in this hydroxylation system. In addition, as the higher concentration of NH 4 OH was introduced on the TiO 2 surface in this hydroxylation system, the -OH/O 2-peak ratio was increased as listed in Table 1 . The values of -OH/O 2-of ratio of untreated and hydroxylated samples in Figure 3(a), (b) , (c) and (d) were 0.08, 0.32, 0.92 and 1.47, respectively. From these results, it is expected that the more amount of -OH groups were chemi-adsorbed on the surface of TiO2 as the higher NH 4 OH concentration was used.
In order to investigate into the effect of hydroxylation process on the amount of adsorbed N719 dye, the dye molecules on the surface of untreated and hydroxylated TiO 2 films were desorbed into 4 mM of KOH in a mixed solvent (water:ethanol = 1:1, v:v). Then, UV-Vis absorption spectra of the resultant solutions were measured to estimate the concentration of adsorbed dye molecules (Figure 4(a) ). The concentration of adsorbed dye was calculated by using the Beer-lambert law, A = εlc, where A is the intensity of the UV-Vis absorption spectra at 515 nm, ε is the molar extinction coefficient of N719 at 515 nm determined to be 14,100/ M cm, l is the path length of the light beam and c is the dye molecular concentration. 48 The calculated dye adsorption values are shown in Figure 4 (b) and summarized in Table 2 .
The amount of adsorbed dye molecules per unit active area for the 1HT, 2HT and 4HT were established to be 6. 33 ). This result is consistent with a trend of the above explained XPS data. Through this process, the concentration of adsorbed dye could be improved up to 32.61%. It indicates that the reason of improvement dye adsorption in this hydroxylation process was not the effects of morphological characteristics and surface area but surface modification with hydroxyl groups. The chemical adsorption of N718 dye molecules on TiO2 surface is illustrated in Figure 5 . As shown in Figure 5(a) , the general fabrication process of DSSCs involves the thermal processes above 450 ºC (e.g., TiO 2 phase transition, sintering, TiCl 4 treatments, and so on). A number of hydroxyl groups on the TiO 2 surface were reduced during the heat treatment. [40] [41] [42] However, through the hydroxylation treatment with NH 4 OH solution, the hydroxyl groups can be introduced without the changes in the morphology of surface, the surface area and the total pore volume of the TiO 2 ( Figure 5(b) ). It results in the enhancement of dye adsorption because the dye could be adsorbed via interaction between carboxylic anchoring groups residing on N719 and hydroxyl groups on the TiO 2 surface as illustrated in Figure 5(c) .
To verify the influence of dye amount adsorbed on the TiO 2 for the improvement in the performance of DSSCs, the Figure 6 and summarized in Table 3 , in detail. Except for the short-circuit current density (J SC ), the open-circuit voltage (V OC ) and fill factor (FF) of all DSSCs were not significantly changed. The cell prepared with untreated electrode showed the lowest power conversion efficiency because of the low J SC . On the other hand, the higher power conversion efficiencies were observed when the cells were fabricated with hydroxylated films. Also, the efficiency of cell was enhanced as the concentration of NH 4 OH was increased for the surface modification process. These results were caused by the increase in the dye amount adsorbed on the surface of TiO 2 inducing the improvement of J SC value. 49 In other words, the enhan- From these results, it was confirmed that the more adsorbed dye molecules via hydroxylation process using the higher concentration of NH 4 OH solution resulted in the increases of the J SC values and the power conversion efficiency of DSSCs.
Conclusion
In summary, the hydroxyl group was successfully chemiadsorbed on the surface of TiO 2 film via surface modification process with NH 4 OH and the amount of treated hydroxyl group could be controlled by varying the NH 4 OH concentration without the changes of morphological property, specific surface area and total pore volume. As the number of the hydroxyl groups was increased, the more amount of N719 dye was attached on the TiO 2 surface because of the stronger chemical bonding between the increased number of hydroxyl groups and the carboxyl anchoring groups in dye. The amount of adsorbed dye on hydroxylated TiO 2 electrode could be improved up to 32.61%, resulting in the enhancement of the J SC and the power conversion efficiency of DSSCs.
